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INTRODUCTION
C-H activation is a major current theme in synthetic chemistry, as it has the potential to simplify chemical transformations in an atom efficient manner. [1] [2] [3] [4] [5] Applications of this versatile synthetic strategy range from pharmaceutical [6] [7] [8] and agrochemical 9, 10 to bulk commodity chemical 11, 12 and materials syntheses 13, 14 . Activation protocols for sp, sp 2 and sp 3 carbon centres have all been reported in the literature, 15 but in each case privileged substrates are required to facilitate activation. The majority of C(sp 2 )-H activation reactions require substrates that fall in to one of three classes: (1) arenes incorporating a directing group (DG) that coordinates a transition metal catalyst; (2) electron rich arenes and (3) electron deficient arenes (Scheme 1).
The directing group strategy requires arenes that incorporate a coordinating moiety, often amido or pyridyl that positions a metal catalyst close to a C-H bond and activation occurs via a cyclometalated intermediate. C-H activation is typically ortho to the DG, [16] [17] [18] although meta [19] [20] [21] and para 22 C-H activation have also been achieved. Many precious (Pd, 23, 24 Ir, 25, 26 Rh 27, 28 ) and non-precious metal (Mn, 29, 30 Fe, 31 Co, 32 Cu 33 ) catalyzed reactions have been reported that rely upon this directing group strategy. Heteroaromatics, with electron-rich π systems, such as furans, thiophenes and azoles, can all undergo Pd-catalysed C-H activation. 34 Directing groups are not required in these systems as the intrinsic electronic properties of the heteraromatics control regioselectivity. Electron-deficient arenes can undergo C-H activation, but typically require two electron-withdrawing groups (EWGs) ortho to the C-H bond of interest. 35 An important example in this class of reaction is the C-H activation of pentafluorobenzene, 36 reported by Fagnou, via a concerted metalation-deprotonation (CMD) mechanism. Each of these three strategies for C-H activation requires either arenes with covalently bound substituents or heteroaromatics. As a result, substrate scope is limited and additional synthetic steps are required to incorporate the required substituents. This is a major drawback to the applicability of the current state-of-the-art C-H activations. Hence, new reaction pathways are required to overcome these limitations.
Metal complexes can activate aromatics through π-complexation, [37] [38] [39] [40] [41] [42] [43] [44] [45] which typically leads to an increase in arene electrophilicity, as well as an increase in acidity of arene C-H bonds. 44 Larrosa has exploited the latter property to develop a C-H activation protocol that We hypothesize that π-coordination of arenes to a Ru II Cp fragment will allow C-H activation of the bound arene through a CMD mechanism, due to the increase in acidity of the C- photolysis, which represents a key step towards the development of Ru-catalysed C-H activation of unfunctionalized substrates, via an arene exchange mechanism. This is the first time Ru complexes have been used to achieve C-H activation of arenes by this π-coordination strategy.
RESULTS AND DISCUSSION
Initially, we sought to investigate the C-H activation of ortho-fluorotoluene bound to a 
Reaction Optimization
Predicting a C-H activation mechanism involving concerted metalation-deprotonation, our initial catalytic reaction conditions emulated those of previous work, using catalytic Pd(PPh 3 ) 4 along with stoichiometric Ag(I) salt, carboxylic acid and base (Table 1 , Entry 1). 46 Upon observing no reaction, we reasoned that solvent effects were likely to play an important role in stabilizing key transition states of the C-H activation. While several solvents also returned no product, reaction in 1,2-dichloroethane gave the desired product, albeit in low yield (Table 1, entry 3). The coupled product 1b was easily identified by characteristic changes in the 1 H-and Throughout our initial investigations, in all reactions that had undergone C-H activation, we observed 5-30% conversion to a reaction side-product, which we identified as complex 1c, in which a phenyl group replaces the anisyl group in the reaction product (Scheme 3). We supposed that this species may have formed by a demethoxylation process, in which the aryl ether bond is broken. 48 To test this hypothesis, we subjected 2a to the reaction conditions in Table 1, entry 9 and found only formation of the expected C-H activation product 2b and the phenyl-containing side-product 1c, but, importantly, no formation of 2c, a potential product of breaking the aryl ether bond. This result led us to reason that the source of the phenyl coupled product must be the 7 PPh 3 ligand of the Pd catalyst. Such scrambling of the aryl groups has previously been observed. 49, 50 To avoid formation of this side-product, we explored the use of alternative Pd catalysts, along with a selection of phosphine ligands. We also chose to investigate the effect of the carboxylic acid and silver salt upon the reaction (Table 2) .
Scheme 3 Formation of phenylated by-product 1c. a reaction conditions shown in Table 1 , Entry 9.
The C-H activation reaction proceeded in the absence of ligand using PdCl 2 , Pd 2 (dba) 3 and Pd(OAc) 2 (Table 2 , entries 1, 3 and 6). However, addition of phosphine ligands increased conversion significantly. Phosphine ligands containing no phenyl groups (Table 2, In a final investigation we varied the solvent choice under optimized conditions. The reaction proceeded in dioxane (46%) and CHCl 3 (23%), but 1,2-dichloroethane remained the best reaction solvent. Varying the quantity of carboxylic acid showed no improvement in reaction conversion, whilst increasing the amount of Pd, led to the formation of di-substituted product, with 20 mol% Pd(OAc) 2 giving 75% mono-substituted-and 5% di-substituted product (see Supp.
Info. for full details).
Reaction Scope
With optimized conditions in hand, we set out to explore the scope of the C-H activation reaction (Table 3) . We found that aryl iodides outperformed aryl bromides (Table 3 , entry 2) and aryl chlorides were inactive under the reaction conditions, consistent with a mechanism that proceeds via oxidative addition. A selection of aryl iodides underwent reaction in varying yields, with electron-rich aryl iodides (Table 3 , entries 1, 5 and 8) giving higher conversions than electron-deficient substrates (Table 3 , entry 6). This is more likely due to the less efficient transmetalation of the subsequent Pd-Ar species, as opposed to slower oxidative addition, which is generally successful for electron-deficient arenes. Hindered aryl iodides also showed a reduction in reaction conversion (Table 3 , entry 7) and iodobutane and vinyl iodide gave no coupled product under the reaction conditions.
With iodoanisole as a coupling partner, we also explored the C-H activation of a range of η 6 -coordinated arenes. The fluorobenzene complex proceeded to give 60% mono-substituted product and approximately 5% di-substitution, resulting from C-H activation at each ortho position (Table 3 , Entry 9). η 6 -Bound nitrobenzene and chlorotoluene showed no C-H activation, returning only starting material, while trifluorotoluene gave a small amount of conversion.
Pleasingly, under the optimized reaction conditions, η 6 -bound benzene and p-cymene gave coupled products, albeit in moderate yields (16% and 20%, respectively, Table 3, entries 13 and   14) , demonstrating the potential for C-H activation of non-fluorinated arenes. The ability to activate unfunctionalized arenes via this reaction mechanism is extremely exciting, as the vast majority of C-H activation mechanisms require the presence of directing or activating groups. η 6 -Bound electron-rich arene were not tested, as it is unlikely they will undergo concerted metalation-deprotonation. Isolated yields are generally low, due to the small scale of reaction (15 mg starting complex). 
Mechanistic Study
Two mechanisms have been proposed in the literature by which electron-deficient arenes may undergo concerted metalation-deprotonation C-H activation. Early reports suggested a Pd-mediated CMD process, with Ag(I) salts used as scavengers for liberated halides (see Supp.
Info. Scheme S2). 36 However, more recently, it has been demonstrated that Ag(I) may in fact be involved in the key CMD reaction step, followed by transmetalation of the activated [Ag]-arene to Pd.
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Scheme 4 Ag-catalyzed H/D exchange experiment.
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In an attempt to better understand the reaction mechanism by which our protocol is proceeding, we subjected complex 1a to the optimized reactions conditions in the absence of Pd(OAc) 2 , but with addition of 10 equivalents of D 2 O (Scheme 4). Under these conditions around 50% H/D exchange took place at the hydrogen in the ortho position to fluorine (see Supp.
Info. Schemes S2 and S3). This provides strong evidence for a Ag-mediated C-H activation, consistent with the mechanism shown in Scheme 5. In additional control experiments, we omitted systematically each component of the reaction mixture. We found that absence of Pd or absence of Ag gives no reaction product or intermediates, with complete retention of starting material. Reactions will proceed slowly in the absence of 1-AdCO 2 H, likely due to the presence of alternative sources of carboxylate (AcO -, Ag 2 CO 3 ). Overall, we reason that C-H activation occurs through a CMD mechanism and that Ag is indeed responsible for the initial C-H activation step.
Scheme 5 Proposed mechanism via concerted metalation-deprotonation (CMD) C-H activation.
CONCLUSION
Catalytic C-H activation leads to more efficiency and atom economical syntheses. The vast majority of reactions rely upon privileged substrates, incorporating activating groups. We report an exciting new C-H activation protocol, which overcomes these limitations, allowing formation of biaryls. Activation of the C-H bond is achieved through η 6 -coordination of arenes to [CpRu II ]. This is the first time that Ru complexes have been used to allow C-H activation by this mechanism. The Ru complex used to synthesise the η 6 -arene substrates can be recovered at the end of the reaction through photolysis in MeCN, thus highlighting the potential for a reaction overall catalytic in Ru, via an arene exchange mechanism. Furthermore, the simplest of arenes (benzene) will undergo C-H activation under the optimized reaction conditions.
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